Abstract-The disc-drum type rotors are widely used in large turbofan engines, where the drums are connected the adjacent disks with the bolted joints. In this paper, the joint stiffness characteristics of a disc-drum structure are investigated based on the finite element model. Firstly, the nonlinear finite element model for the disc-drum structure is established, where the connecting bolts are modelled and the frictional contact of the joint components is also considered. Then, the variation of joint stiffness of the disc-drum structure with the bolt number subjected to external axial force and bending moment are studied respectively. The works proposed in this paper is helpful to enhance the understanding of the joint stiffness properties of the disc-drum type rotor.
I. INTRODUCTION
The disc-drum type rotors are commonly employed in large turbofan engines, where the drums are used to connect the adjacent discs through the bolted joints and transmit loads [1] , as shown in Fig. 1 . Due to the existence of contact, friction, gap and other nonlinear factors [2, 3] at the bolted joints, the system stiffness can be greatly reduced, which may affect the mechanical characteristics of the whole structure. Hence, it is of great importance to investigate the variation of joint stiffness properties of the disc-drum structure with various factors, which will help to improve the performance and reliability of the turbofan engines comprising the disc-drum type rotors. Much research has been carried out to study the connection properties of the bolted joints [4, 5] . Ref. [6] compared the calculation accuracy and efficiency of four kinds of bolt finite element models. Ref. [7] constructed the 3D FE model of a bolted-flange structure, studied the relationship between the axial load and the relative flare angle of the binding surface and discussed the effect of preload and structural parameters.
However, for the structural form of disc-drum connected with bolted joints, there is a few of researches on the joint stiffness characteristics. Actually, many factors can influence the joint stiffness properties, e.g. the geometric parameters of the connected structure, material properties, assembly process, load characteristics, etc. Among various influence factors, the effect of bolt number on joint stiffness properties is mainly concerned in this paper. Firstly, the nonlinear finite element model for the disc-drum structure is established, where the connecting bolts are modelled and the frictional contact of the joint components is also considered. Then, the variation of joint stiffness of the disc-drum structure with the bolt number subjected to external axial force and bending moment are studied respectively.
II. FINITE ELEMENT MODELLING
The disc-drum structure from the fan of a certain type aeroengine is investigated in the present paper. The diameter of the drum is 240 mm; the thickness of the drum is 6mm and the thickness of the flange is 10mm. The disc and drum are fabricated from the same steel, whose density is 7850kg/m3, elastic modulus E is 206GPa and the Poisson's ratio ν is 0.3. There exists frictional contact between the joint components, where the friction coefficient at the contact surfaces is set to be 0.2.
The FE model of the disc-drum structure is illustrated in Fig. 2 , where the disc, drum and bolts are modelled using the brick elements SOLID 185. Since the main purpose of this paper is to analyze the joint stiffness of the disc-drum structure, the blades mounted on the disc are neglected to simplify the analysis procedure. In the model, frictional surface-to-surface contact is defined between each contact pair using contact elements CONTA174 and target segment elements TARGE170. All degrees of freedom (DOFs) on left end surface of the drum are constrained.
International Considering the effects of nonlinear contact, the analysis process is carried out in three steps as follows: first preloading the connecting bolts using the pretension element PRETS 179; then defining the contact element between the contact surfaces; finally performing the nonlinear static analysis subjected to external axial force or bending moment.
III. JOINT STIFFNESS ANALYSIS
In order to characterize the joint stiffness, three observation points which are marked as Edge Point, Middle Point and Center Point presented in Fig.3 on the connected surface are selected. The pretension force is set to 80kN according to Ref. [8] . 
A. Under Tensile Condition
The finite element model of joint stiffness for the disc-drum structure subjected to external axial load is presented in Fig. 4 , and the analysis results are shown in Fig.  5 . It can be seen from fig. 5 that the joint stiffness of the disc-drum structure increases with the increasing of the connected bolt number. And the joint stiffness remains constant when the bolt number is up to 12.
B. Under Bending Condition
The finite element model of joint stiffness for the disc-drum structure subjected to external bending moment is presented in Fig. 6 , and the analysis results are shown in Fig.  7 . It can be seen from fig. 7 that the joint stiffness of the disc-drum structure increases with the increasing of the connected bolt number. And the joint stiffness remains constant when the bolt number is up to 12.
IV. CONCLUSION
The FEM of the disc-drum structure was developed considering the bolted joints between the disc and drum. The joint stiffness characteristics of the disc-drum structure were investigated, where the effects of the contact friction and preload were accommodated.
It was revealed from the simulation results that the joint stiffness of the disc-drum structure increases with the increasing of the connected bolt number and the joint stiffness remains constant when the bolt number increases to a certain extent.
